We study theoretically the spin response functions using the relativistic many body theory. The spin response functions in the relativistic theory are reduced largely from the ones of the non-relativistic theory. This happens particularly to the longitudinal spin responses. This fact is able to remove the difficulty in reproducing the ratio of the longitudinal and transverse response functions seen experimentally. We use the local density approximation with the eikonal approximation to the nuclear absorption on the incoming and outgoing nucleons for the calculations of the response functions of finite nuclei. We compare the calculated results with the recent experimental results with ( p, n) reactions on C and Ca.
Introduction
The spin response functions are very interesting, since they convey directly the informations on the spin correlations among nucleons. The longitudinal spin responses are related with the pionic correlations, which have a strong connection with pion condensation and its precritical phenomenon [1, 2] . The transverse responses are related with the rho mesonic correlations. Due to the mass difference between the pion and the rho meson, the meson exchange force is attractive in the pion channel while it is repulsive in the rho meson channel at medium momenta, q ∼ 2 fm −1 . Hence the comparison of the two spin responses should reflect this feature directly. In fact, the ratio between the spin responses in these channels was predicted to be largely different from unity [3] .
Experiments on the spin responses were performed at LAMPF and RCNP at intermediate energies following the above ideas in mind [4, 5] . The experimental results were found, however, extremely puzzling. The ratios of the longitudinal and the transverse spin responses for various nuclei were found close to or less than one, which is largely different from the theoretical expectations [4, 6] . The surface effects were considered by Esbensen et al., but the ratio could be brought down only to a factor two [7] . Very involved calculations were performed by Ichimura et al. by considering the finite nuclear geometry and the realistic distortion effects [8] . The results were essentially unchanged from that of Esbensen et al..
These results indicate that something essential is missing in the spin correlations among nucleons in nuclei. In this respect, there was a very interesting observation made by several authors [9, 10] . With the use of the pseudovector coupling of the pion with the nucleon instead of the pseudoscalar coupling in the relativistic framework, the pion response becomes much weaker than that of the non-relativistic framework. The pion response function is reduced by a factor (M * /M) 2 and the effective mass, M * reduces largely in nuclear matter as the density increases in the relativistic many body theory [11, 12, 13, 14] . Hence, even at the normal matter density without the Landau-Migdal short range correlations, i.e., g ′ = 0, the pion condensation does not occur. This is a very interesting observation, since this fact largely reflects in the longitudinal spin response, which is the pion response, and it could be the source to remove the discrepancy.
Horowitz and his collaborators are the ones who apply this idea to the spin response functions and the various spin observables [10] . They found that in fact the ratio could be brought down to close to one in accordance with the experimental observations. These calculations were performed in nuclear matter assuming some typical density representing the nucleus of interest. In this paper, we would like to take into account the change of the densities by considering the hadron distortion effects and compare with the experimental data. In doing so, we would like to compare our results not only with the ratios of the spin responses, but also with the response functions themselves. Particularly, we would like to compare with the recent intensive experimental studies of the ( p, n) reactions at 400MeV by H. Sakai and his collaborators [6] . This paper consists of the following contents. We write the definition of the response functions and the expressions of the spin response functions in the relativistic framework in Sect.2. We provide the numerical results in Sect.3, where we demonstrate the effects of the relativity on the spin response functions both for the longitudinal and the transverse channels at different densities. We choose here the matter properties calculated by the relativistic mean field theory (RMF) with the non-linear terms with the parameter set TM1 [15] . Sect.4 is devoted with the summary of this work.
Spin response functions
Spin response functions extracted from quasielastic ( p, p ′ ) and ( p, n) reactions have been described by π +ρ+g ′ model which attributes spin dependent interaction in a nucleus to πNN and ρNN residual force [16] . The spin dependent responses contain the longitudinal and transverse components with respect to momentum transfer q. In the non-relativistic model the longitudinal response comes from π channel with vertex σ·q and the transverse one from ρ channel with vertex σ×q. The relativistic version of the model follows Walecka model [11] with spin dependent interaction Lagrangian [13] 
M is the nucleon mass and κ = 6.6 is the tensor-to-vector ratio in the ρNN coupling [17] . As for πNN channel, pseudovector coupling is favored from theoretical points of view [18] . The first analysis of the spin response with this model was done by Horowitz et al., who calculated spin transfer observables [10] . Our goal is to reveal relativistic effects directly from Lindhard response functions considering nuclear distortion effect and reproduce the experimental cross section observed in ( p, n) reactions on finite nuclei. In the lowest order the spin dependent excitation is described in terms of polarization functions by the interaction with 4-momentum transfer q = (ω, q) between the incident and the outgoing nucleons. For nuclear matter
where
ǫ F denotes the Fermi energy ǫ F = k 2 F + M * 2 with k F the Fermi momentum. M * = M + Σ S is nucleon effective mass given by relativistic Hartree theory with Σ S , Σ V scalar and vector potential. The transverse polarization Π T is obtained by projecting Π µν onto the plane perpendicular to q [19] . Thus
We neglect the divergent vacuum polarization
Π PV (q) is written as [20] 
On the way to come to Eq. (5), we have used the vector current conservation relation, q µψ γ µ ψ = 0. Eq. (5) is given by I 0 (q) in [21] .
The explicit form of Π T is written in [21] , where the response functions in (e, e ′ ) inelastic scattering were calculated.
To define response function in the relativistic model, it is necessary to consider non-relativistic limit of the vertex operators since all the discussions have been made in the non-relativistic framework. While
Thus we define the relativistic response functions R L , R T by
They correspond to the polarization functions in non-relativistic model R NR
where Π NR is the non-relativistic polarization function by vertex operators, σ · q or σ × q. In the non-relativistic model the longitudinal response and the transverse response agree with each other for the nuclear matter and they are expressed by the Lindhard function given in [22] . Here we would like to compare the longitudinal response functions in the relativistic model and the non-relativistic model. First in the high density case, k F is large and hence the large region of response function is given by the ω term in Eq. (6) . A typical case is shown in Fig.1 . In this region
Second in the low density case, k F is small and hence the contribution from the ω term in Eq. (6) is limited to the very small ω as seen in Fig.2 . Hence, we want to figure out where the response function becomes maximum. Seeing the second term in Eq.(6), it is obvious that the peak appears for k − = 0. This corresponds to the excitation energy,
Eq. (8) . In this case we find
. On the other hand, in the non-relativistic case the peak position is ω = q 2
2M
and the peak height
. This implies that the relativistic responses are reduced by a factor M * M 2 at the higher density and by
at the lower density compared with the non-relativistic one at the same density. Obvious comparison is difficult in the transverse case due to the more complicated expression for the relativistic case.
The correction by introducing π and ρ exchange interaction is carried out by the random phase approximation. RPA is done by summing up ring diagrams to all orders and expressed by Dyson's equation
Π 0 is the free response function defined above and Π RPA is the full response function obtained by RPA. For the ρ meson channel they carry Lorentz indices which is not explicitly shown. V is π and ρ meson exchange interaction
C ρ = 2.18 is the ratio of couplings of non-relativistic interactions 
T , where P L,T µν are projection operators which extract the longitudinal and transverse part Π (ρ) L,T for the ρ meson channel [19] , the RPA response functions are written in a simple form,
with
We take g ρ = 2.6 which satisfies
The Landau-Migdal parameter was originally introduced in the non-relativistic π+ρ+g ′ model and in that case g
g ′ = 0.6 ∼ 0.7 is usually used as a standard value. On the other hand in the relativistic model g −1 is the Fermi momentum at the normal density. In (p,n) reactions the distortion effect is of much importance compared with (e, e ′ ) reaction. Due to large nucleon-nucleon cross section σ N N the reaction takes place at the nuclear surface rather than in the central region. In order to take into account this effect we carry out the calculation of the ( p, n) cross sections under the local density approximation. Attenuation factor at (b, z) in the cylindrical coordinate, with the incident nucleon coming from z = −∞ and the outgoing nucleon going away to z = +∞, is defined by e −χ(b) where
. Then the response function for finite nucleus is expressed by
Effective neutron number N eff is given as normalization factor
Here the appearance of the N A factor is to use the neutron density instead of nucleon density in Eq.(21), (22) . For the nuclear density ρ(r) we adopt the three-parameter Fermi-type form determined experimentally [23] . The response function R is obtained at each (b, z) through the density ρ(b, z) with the help of the relativistic mean field calculation for nuclear matter [14] . We use σ N N = 30mb which is close to the free cross section at the relevant energy T lab ≈ 400MeV. Typical Fermi momentumk F is defined by replacing R(ρ(b, z)) in Eq. (21) 
Numerical results
Throughout this section we show the results for the reactions with | q |= 1.7fm −1 which are of special interest in this problem and measured by the experiments. To begin with we will demonstrate relativistic effects on free response functions of nuclear matter at different densities. In Fig.1 we show the free response functions for the symmetric nuclear matter at the normal density k F = 1.36fm −1 , with the effective mass M * = 0.59M which is given by RMF calculation. For comparison the nonrelativistic response function and the relativistic response with M * = M are also shown in the figure. We see that the longitudinal spin response R L with M * = 0.59M is suppressed from the non-relativistic response due to the effect of the effective mass. This is affirmed by seeing that R L becomes close to R NR setting M * = M. As stated in the previous section they agree with each other for ω < 30MeV. Consequently, there appears broadening of the width because of enlarged maximum particle-hole excitation energy for given momentum transfer (
The transverse response R T also shows the similar effective mass dependence. However it is larger than the longitudinal response with the same effective mass. This more moderate dependence of R T on the effective mass comes from the complex structure of ρNN coupling vertex which contains the vector and the tensor terms. As a result R L /R T ≈ 0.8 with little dependence on ω. In Fig.2 the free response functions for k F = 0.97fm −1 (M * = 0.83) are shown. It corresponds to the density ρ = 0.37ρ 0 . ( p, n) reaction takes places in the surface region of nucleus with about this density because of the large distortion of the incident and outgoing nucleon. The width becomes narrower and the magnitude becomes higher than at the normal density due to the larger effective mass. The qualitative features in the previous figure also hold true here. At this density the relativistic response is reduced by the factor
The difference between R L and R T is also smaller than Fig.1 . It makes R L /R T ≈ 0.94. In any case R L /R T < 1 holds in the relativistic case. This fact is important to reproduce the experimental observation R L /R T ≈ 1.
Next we show relativistic effects on the responses calculated by RPA. In Fig.3 (a) we show the longitudinal responses with RPA at the normal density together with free response and non-relativistic results. We see that the relativistic response with RPA correlation R RPA L is only slightly enhanced by the attractive π exchange interaction while the non-relativistic one is largely enhanced. The difference from the non-relativistic case comes from the effective coupling reduced by the factor Fig.3(b) we show the transverse responses at the same density. It is found that the relativistic response with RPA R RPA T almost agrees with the free response. This is because V ρ ≈ 0 with g ′ ρ = 0.3, while the non-relativistic response is much quenched by the repulsive ρ exchange force with g ′ = 0.7. We find that the free longitudinal response reduced by the use of the relativistic expression as compared to the transverse response is compensated by the RPA correlation. It follows that R L /R T ≈ 1 at low ω (Fig.5) . It is in good contrast with the non-relativistic case where the longitudinal response exceeds significantly the transverse one. In Fig.4(a), (b) we show the responses with RPA at k F = 0.97fm −1 . The dependence of R free on k F causes the attractive π exchange force weaker in both the non-relativistic and relativistic cases. In the latter case the factor M * M reduces still more the interaction. As for the transverse response R RPA T agrees again with the free response. We obtain the ratio R L /R T = 1 ∼ 1.2 at low ω, while the non-relativistic case results in R L /R T > 2 with striking ω dependence. The relativistic results are in agreement with the experimental situation in question.
Finally we compare the result obtained by the local density approximation with the experimental data recently measured at RCNP [6] . Fig.6 shows the results on 12 C(the left panels) and 40 Ca(the right panels). The in-medium cross section σ N N = 30mb provides effective neutron number N eff = 2.0(3.7) for 12 C( 40 Ca). Since the effective nucleon number we obtain differs from the experimental one, we multiply N exp eff /N eff to the experimental data where N exp eff is the effective neutron number adopted in the experimental analysis, N exp eff = 2.7(6.0) for 12 C and 40 Ca, respectively. This is because the "experimental" response functions extracted from the cross sections and the polarization measurements by the experimentalists were obtained by dividing the corresponding quantities with N exp eff [4, 6] . On the other hand, the "theoretical" response functions are obtained by dividing the corresponding quantities with N eff as shown in Eq. (21) . As seen in above discussion about the matter properties, the longitudinal and the transverse response are very close to each other. The theoretical results reproduce the experimental data at ω < 50MeV, above which 2-step process and ∆ excitation contribute to the response. As for the ratio(lower panels of Fig.6 ) the theory predicts R L /R T ≈ 1 ∼ 1.2 in agreement with the common experimental understanding that R L /R T ∼ 1 although this overestimates slightly the new experimental data.
Conclusion
We have studied the relativistic effects on the spin response functions by using the relativistic version of the π+ρ+g ′ model. We have calculated the polarization functions in the π channel and ρ meson channel in the nuclear medium to obtain the spin response functions. We have adopted the pseudovector coupling for πNN channel instead of the pseudoscalar coupling. The longitudinal response calculated by the pseudovector coupling is largely reduced by the effective mass which is at the lower density. We have found that without RPA the longitudinal response is less than the transverse response even at the low density.
The effects of the effective mass also reduce effectively the coupling of πNN and ρNN in the medium. We have demonstrated that the relativistic longitudinal response function is much less enhanced than the non-relativistic one by the attractive π exchange force. The transverse response with RPA correlation has been calculated with the Landau-Migdal parameter g ′ ρ = 0.3, which is chosen by Horowitz et al. as a fitting parameter in the analysis of electron scattering. We have shown the transverse response is hardly affected by RPA. As a result we obtained similar response functions for the longitudinal and the transverse spin responses. It is in agreement with the experimental data which is contradictory to the non-relativistic theoretical calculation. The Landau-Migdal parameters in the relativistic model are not well established so far. More theoretical research in both nucleon-nucleon interaction and many-body phenomena as our work is needed to determine them definitely.
We have performed the local density approximation in order to take into account the nuclear distortion effect in (p, n) reactions and the finiteness of a nucleus with the actual density distribution. Our results have reproduced the experimental data newly measured at RCNP at low ω region. The ratio of the longitudinal and the transverse response proved to be about unity, in agreement with the common experimental understanding. Response functions with RPA(upper panels) and ratio of the longitudinal to the transverse response(lower panels) at | q |= 1.7fm −1 obtained by the local density approximation with σ N N = 30mb for 12 C(left panels) and 40 Ca(right panels). In the upper panels the longitudinal response is drawn by a solid curve and the transverse by a dashed curve. The experimental data are plotted by solid circles for the longitudinal response and by open circles for the transverse one. In the lower panels the theoretical value is drawn in a solid curve and the experimental data are plotted by solid circles.
